O ver the past two decades, lithium-ion battery technology has contributed greatly to human progress and enabled many of the conveniences of modern life by powering increasingly capable portable electronics 1 . However, with the increasing complexity of technology comes a demand for batteries with higher energy density, which thus leads to a requirement for cathode materials with higher energy densities [2] [3] [4] .
The traditional design paradigm for Li-ion battery cathodes has been to create compounds in which the amount of extractable Li + is well balanced with an oxidizable transition metal (TM) species (such as Mn, Fe, Co or Ni) to provide the charge-compensating electrons, all contained in an oxide or sulfide host. Transition metals have been considered the sole sources of electrochemical activity in an intercalation cathode, and as a consequence the theoretical specific capacity is limited by the number of electrons that the transitionmetal ions can exchange per unit mass [5] [6] [7] [8] [9] . Recent observations have brought this simple picture into question and argued that oxygen ions in oxide cathodes may also participate in the redox reaction. This oxygen redox is often ascribed to covalency, following theoretical 10, 11 and experimental [12] [13] [14] [15] [16] work in the last two decades that has demonstrated large electron density changes on oxygen when the transition metal is oxidized. However, covalency cannot lead to a higher capacity than would be expected from the transition metal alone, as the number of transition-metal orbitals remains unchanged when they hybridize with the oxygen ligands. The more important argument for the future of the Li-ion battery field is whether oxygen oxidation can create extra capacity beyond what is predicted from the transition-metal content alone, as has been argued for several Li- (refs 3,17,18) .
In this Article, we use ab initio calculations to demonstrate which specific chemical and structural features lead to electrochemically active oxygen states in cathode materials. Our results uncover a specific atomistic origin of oxygen redox and explain why this oxygen capacity is so often observed in Li-excess materials and why it is observed with some metals and not with others. The specific nature of our findings reveals a clear and exciting path towards creating the next generation of cathode materials with substantially higher energy density than current cathode materials.
Results and discussion
Appearance of labile oxygen states in Li metal oxides. It is generally understood that the relative energy of the TM versus oxygen states determines which species (TM versus O) are oxidized upon delithiation 1, 19 . As the energy level of those states depends on the species in a compound and their chemical bonding, local environments in a crystal structure can play a critical role in the redox processes and the participation of oxygen in them 10 . Unlike in conventional stoichiometric layered cathode materials, which are well ordered and in which only a single local environment exists for oxygen ions, a variety of local oxygen environments exist in Li-excess materials or materials with cation disorder. By systematically calculating and analysing the density of states (DOS) and charge/spin density around oxygen ions in various local environments using density functional theory (DFT) (ref. 20) , we demonstrate that the Li-excess content and the local configuration sensitively affect oxygen redox activity in the oxide cathodes. To accurately study the oxygen redox activity, all calculations were performed with DFT using the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional 21 , which can correct the self-interaction errors (SIEs) for both metal (M) and O atoms. Note that the generalized gradient approximation (GGA) and GGA+U, which are frequently used in DFT calculations, cannot properly predict the oxygen redox activity, because they cannot correct the SIE for O atoms 22 .
We start with LiNiO 2 (containing site disorder) and Li 2 MnO 3 as two simple model systems before moving on to more complex materials. LiNiO 2 is one of the most studied materials and Ni is the dominant redox active species in many technologically important cathodes such as LiNi 1/3 Mn 1/3 Co 1/3 O 2 and LiNi 0.8 Co 0.15 Al 0.05 O 2 (refs 23,24) . In perfectly layered LiNiO 2 , oxygen ions are exclusively coordinated by three Li and three Ni (Fig. 1b ). The other two environments in Fig. 1 are created by Li/Ni exchange (anti-sites): two Li and four Ni ( Fig. 1a ) and four Li and two Ni (Fig. 1c ).
The projected DOS (pDOS) of the oxygen 2p states of the three oxygen environments are shown in Fig. 1a -c. Although there is not much change in the oxygen pDOS between the 4Ni/2Li and 3Ni/3Li configurations, the oxygen pDOS changes substantially when four Li ions are near the oxygen (Fig. 1c ). In particular, a much greater pDOS between 0 and −2.5 eV of the Fermi level is found for the oxygen ion coordinated with four Li and two Ni ions (Fig. 1c ). The origin of this increased DOS can be identified by visualizing the charge density around the oxygen ion for the energy range between 0 and −1.64 eV (Fig. 1d ). This energy range corresponds to the extraction of one electron per LiNiO 2 . As seen in the isosurface plot, a large charge density resembling the shape of an isolated O 2p orbital is present along the direction where oxygen is linearly bonded to two Li In many of the new exciting cathode materials 2,3,18,25 , Li-excess is created by the substitution of some (transition) metals by Li, necessarily leading to more Li-O-Li configurations and, as a consequence, more potentially labile oxygen electrons ( Supplementary Fig. 7 ). To confirm this hypothesis, we studied the oxygen electronic states in Li 2 MnO 3 in which all O ions are in a local Li-excess environment containing a Li-O-Li configuration ( Fig. 2a) 26, 27 . Figure 2b presents pDOS from the O 2p orbitals and the Mn 3d orbitals in Li 2 MnO 3 . A much larger pDOS originates from the oxygen states than from the manganese states between 0 and −2.5 eV. The corresponding charge density plot around the O ion within 0 to −0.9 eV again resembles an oxygen p orbital along the Li-O-Li axis ( Fig. 2c ), confirming that the oxygen orbital along the Li-O-Li configuration contributes to the large oxygen pDOS close to the Fermi level. Within 0 to −0.9 eV, roughly two electrons per Li 2 MnO 3 can be extracted. Oxygen oxidation in this compound is consistent with theoretical work in the literature 26, 27 . To summarize, the Li-O-Li configuration introduces labile oxygen electrons in Li 2 MnO 3 , as in the case of the partially cation-mixed LiNiO 2 .
Oxygen charge transfer from the labile oxygen states in Li-excess cathode materials. With the basic ideas in hand of how labile oxygen states can be created, we investigated more complex Li-excess compounds in which extra redox capacity beyond the theoretical TM-redox capacity has been observed: Li ( 18, 29, 30 . For each of the compounds we constructed unit cells that take into account as much as is known about the structures. Fragments of these unit cells are shown in the top row of Fig. 3 (for more details see Supplementary Section 'Preparation of the structure models'). All compounds were delithiated beyond the conventional limit from TM redox. (Fig. 3c ). This oxygen is coordinated with three TM (two Ni, one Ti) and three Li, but it still has the Li-O-Li configuration because of local cation disorder ( Supplementary Fig. 7 ). In Li 0.5 Ru 0.5 Sn 0.5 O 3 , we observe a weak σ bond between two of the oxidized O ions (blue dashed oval) and an accompanying small rotation of their Li-O-Li axes ( Supplementary Fig. 8 ). This is consistent with the experimental finding of O−O bonds (peroxo-like species) in the compound at high delithiation 3 . The conditions under which oxygen hole formation leads to peroxo-like bonds are discussed in more detail in the section 'Conditions for peroxo-like O-O bond formation' and in Supplementary Figs 8 and 9 .
So far, we have established that the Li-O-Li configuration, either as a result of excess Li or cation disorder, gives rise to the labile oxygen electrons that participate in redox activity. In the following, we will unravel the structural and chemical origin of this phenomenon and show how, through the judicious choice of (transition) metal chemistry, it can be modified and controlled.
Origin of the labile oxygen states and their redox processes. In stoichiometric well-layered Li metal oxides, such as LiCoO 2 , all O ions are coordinated by exactly three metal (M) ions and three Due to the symmetry of this configuration, hybridized molecular orbitals (states) with seven different characters arise from the orbital interactions, which then form distinct bands under the periodic potential in a crystal (Fig. 4b) 10, 32 . Overlap between M 3d x2-y2 , d z2 (or 4d equivalents) and O 2p orbitals leads to e g b (bonding) and e g * (anti-bonding) states, overlap between M 4s (or 5s) and O 2p orbitals leads to a 1g b (bonding) and a 1g * (anti-bonding) states, and overlap between M 4p (or 5p) and O 2p orbitals leads to t 1u b (bonding) and t 1u * (anti-bonding) states. Finally, the overlap of the M d xy , d yz and d xz orbitals with the O 2p orbital is negligible, which results in isolated t 2g states that have a nonbonding characteristic. Considering the dominant contributions in these hybridized states, the t 2g , e g *, a 1g * and t 1u * states can be thought of as M (dominated) and the t 1u b , a 1g b and e g b states as O (dominated) 10, 12, 18, 28, 33 . This is the conventional view of the band structure of layered Li-M oxides such as LiCoO 2 (Fig. 4b) .
Because the Fermi level for the Li-M oxides lies in the e g * or t 2g band, oxidation proceeds by removing electrons from these Mdominant states. Hence, although filling or emptying an orbital near the Fermi level can cause some rehybridization and accompanying charge redistribution of the other orbitals 10 , oxidation in these stoichiometric well-ordered oxides can be considered to be on the M ions (TM ions) 10,12 . However, this picture needs to be modified for other types of orbital interaction that occur in Li-excess layered or cationdisordered materials. For example, Li-excess in layered materials creates two types of O 2p orbital: the O 2p orbitals along the Li-O-M configurations and those along the Li-O-Li configurations (Fig. 4c ). The O 2p orbitals along the Li-O-M configurations hybridize with the M orbitals to form the same hybridized states (bands) as in the stoichiometric layered oxides (Fig. 4b ). However, those O 2p orbitals along the Li-O-Li configurations do not have an M orbital to hybridize with and do not hybridize with the Li 2s orbital either because of the large energy difference between the O 2p and Li 2s orbitals 34 . Thus, there will be orphaned unhybridized O 2p states (bands) whose density of states is proportional to the number of Li-O-Li configurations in the crystal structure ( Fig. 4d) .
Just as the energy levels of the t 2g states are close to those of unhybridized M d xy /d yz /d xz orbitals 10, 32 , the energy level of such an orphaned Li-O-Li state is close to that of the unhybridized O 2p orbital, putting it at a higher energy than the hybridized O bonding states (t 1u b , a 1g b and e g b states), but lower than the antibonding M states (e g *, a 1g * and t 1u * states). The relative position of the orphaned oxygen state with respect to the non-bonding M (t 2g ) states depends on the M species. Note that in an actual band structure there can be some overlap in energy between different states due to the broadening of the molecular-orbital energy levels under the periodic potential in the crystal structure. Therefore, competition can arise between different states (bands) upon charge transfer 35 .
The preferential oxygen oxidation along the Li-O-Li configuration as observed in Fig. 3 can now be explained. As the electrons in the Li-O-Li states are higher in energy than those in the other O 2p states (Fig. 4d ), oxygen oxidation preferentially occurs from the orphaned Li-O-Li states whenever Li-excess layered or cation-disordered materials are highly delithiated. Such labile Li-O-Li states in Li-excess materials may also explain why oxygen oxidation can be substantial even at a relatively low voltage of ∼4.3 V in Li-excess materials 3, 17, 18, 28 .
Conditions for peroxo-like O−O bond formation. In some cases, oxygen oxidation has been claimed to result in peroxo-like species 3, 36, 37 . The insights presented in this Article can now be used to understand under which conditions oxygen holes can coalesce to form peroxo species and when they remain isolated. In rocksalt-like compounds where the oxygen anions form a face-centred cubic array and the cations occupy octahedral sites, oxygen p orbitals point towards the cations. The almost 90°angle between the directions of p orbitals on neighbouring oxygens prevents their σ overlap. As a result, we find that an O−O bond arises only if two neighbouring oxidized oxygens can rotate to hybridize their (oxidized) Li-O-Li states without sacrificing much M-O hybridization ( Supplementary Figs 8 and 9 ). We find that this rotation to form peroxo-like bonds is facilitated when (1) the oxygen is bonded to a low amount of metal ions and (2) when those metal ions are not transition metals. Transition metals with partially filled d shells create strong directional bonds 38 that prevent rotation of the neighbouring oxygen bonds needed to form peroxo species. Lowering the metal coordination around oxygen, as occurs in Li-excess materials, and substituting some of the transition metals with non-transition metals, which provide weaker and less directional M-O bonds owing to the completely filled (or no) d shells, therefore facilitate peroxo-like O−O bond formation.
For example, the peroxo-like species in Li 0.5 Ru 0.5 Sn 0.5 O 3 arises from σ hybridization between two neighbouring Li-O-Li states that have Li-O-Sn configurations along the other axes ( Fig. 3b and Supplementary Fig. 8 ). In highly Li-excess materials, such O−O bond formation is therefore sometimes possible because most O ions are coordinated with at most two metal ions (Fig. 4c) , so their displacement to form an O−O bond incurs less penalty. Similar effects can be expected for oxygens coordinated Supplementary Figs 8 and 9 ). (Fig. 3b) , indicating an overlap between the t 2g band (corresponding to the Ru 4+ /Ru 6+ redox) and the Li-O-Li band (states) 28 19, [39] [40] [41] . However, overlap between the e g * band and the Li-O-Li band is not observed in Li 1.25-x Mn 0.5 Nb 0.25 O 2 . As a result, oxygen oxidation only occurs after extracting more than 0.5 Li and after complete Mn 3+ oxidation to Mn 4+ (Fig. 3d) 40 .
Because the orphaned Li-O-Li state is essentially an unhybridized O 2p state, its energy level remains relatively invariant with respect to changes of the structure or metal species ( Supplementary Fig. 10 ). Hence, whether oxygen oxidation occurs before, after or simultaneously with TM oxidation depends on the energy level of the d states of different TM species. For example, both Li 1.17 Ni 0.33 Ti 0.42 Mo 0.08 O 2 and Li 1.25 Mn 0.5 Nb 0.25 O 2 use TM redox from, respectively, the Ni-dominated and Mn-dominated hybridized e g * state. As the energy level of the Mn 3d orbitals is higher than that of the Ni 3d orbitals, the corresponding e g * state will also be higher in energy in Li 1.25 Mn 0.5 Nb 0.25 O 2 than in Li 1.17 Ni 0.33 Ti 0.42 Mo 0.08 O 2 . This reduces the overlap between the e g * band and the Li-O-Li band, allowing for better use of TM redox in Li 1.25 Mn 0.5 Nb 0.25 O 2 , as seems to be supported by experiments 18, 29 .
Based on this understanding, it seems necessary to first find the right TM species to maximize either TM redox or O redox capacity in the Li-excess materials. For example, to maximize the TM redox capacity, V, Cr, Mo or Mn can be introduced as the TM redox species. The d states of these TMs are high in energy, which raises the energy level of the e g * and t 2g bands 42 . This leads to less overlap between the TM band and the Li-O-Li band, thereby maximizing the TM redox capacity. Band overlap and thus the redox Fig. 8 ).
mechanism can also be modified by engineering the lattice parameters by cation-substitution preferably with a redox-inactive metal species or by external stress through microstructure control.
Modifying the lattice parameters changes the TM-O distances, which in turn alters the overlap between TM d orbitals and O 2p orbitals 10, 32 . As the TM-O distance increases (decreases), the overlap between TM d orbitals and O 2p orbitals decreases (increases), so the energy level of hybridized TM d states with anti-bonding characteristic will decrease (increase) relative to the orphaned Li-O-Li states. Hence, increasing the lattice parameter should in general help to favour oxygen oxidation over TM oxidation. However, such structure manipulation needs further investigation as it might also affect other electrochemical properties or promote side reactions (for example, O loss at the surface, reactions with the electrolyte) 17, 30 .
In summary, we have identified the chemical and structural features that lead to oxygen oxidation and therefore to extra capacity in lithium intercalation compounds. Oxygen redox activity in Li-excess layered and disordered materials originates from very specific Li-O-Li configurations that create orphaned oxygen states that are lifted out of the bonding oxygen manifold and become positioned in the TM-dominated complex of e g * and t 2g states, making oxygen oxidation and TM oxidation compete with each other. This effect is distinct from the prevailing argument that the holes are introduced in O 2p states that are hybridized with TM d states, which occurs due to the covalent nature of the TM-O bonding [10] [11] [12] [13] [14] [15] [16] . In stark contrast with this current belief, we demonstrated that oxygen oxidation in Li-excess materials mainly occurs by extracting labile electrons from unhybridized O 2p states sitting in Li-O-Li configurations and is therefore unrelated to any hybridized TM-O states. This distinction is important, because the number of electrons, and thus the capacity, from the hybridized TM d states (for example, the e g * state) stays the same, regardless of the oxygen contribution to these states. Only the energy (voltage) of these TM states is modified by their hybridization 22 . Hence, unlike oxygen redox states created by Li-O-Li configurations, oxygen redox participation through (re)hybridization with TM states is not a useful mechanism to extend capacity beyond the conventional, TM-determined theoretical capacity limit.
Conclusion
Creating unhybridized (orphaned) oxygen states in Li-intercalation cathodes is a promising mechanism to achieve higher-energydensity cathode materials as it lifts the fundamental restriction on transition metal content that has existed for decades in the Li-ion battery field. We have shown very specifically how Li-excess and cation disorder create oxygen states that compete with the transition metal states for oxidation. Although many challenges are likely to be found for such oxygen active intercalation compounds, this is an exciting new direction for the development of higher-energydensity cathode materials.
Methods
All ab initio calculations in this work are based on DFT (ref. 20) using the projectoraugmented wave method and the HSE06 hybrid functional 21 , as implemented in the Vienna Ab initio Simulation Package (VASP) 43 . The hybrid mixing parameter for each system was adjusted to reproduce reference bandgaps to calibrate the TM and oxygen electronic states 22 . The method to prepare the structures of 
